ABSTRACT The patterning of the modular body plan in colonial organisms is termed astogeny, as distinct from ontogeny, the development of an individual organism from embryo to adult. Evolutionarily conserved signaling pathways suggest shared roots and common uses for both ontogeny and astogeny. Botryllid ascidians, a widely dispersed group of colonial tunicates, exhibit an intricate modular life form, in which astogeny develops as weekly, highly synchronized growth/ death cycles termed blastogenesis, abiding by a strictly regulated plan. In these organisms both astogeny and ontogeny form similar body structures. 
Introduction
In colonial organisms each genetic entity (genet) is composed of a few to innumerable genetically identical units (modules), which emerge by diverse forms of budding (often named 'asexual reproduction' processes) from a single sexually produced larva, the founder module. Colonial structures, a tessellation of their structural modules (Rinkevich, 2002) , are shaped by repetitions of a single structural unit or by nested modularity. The process and pattern of forming a colony is distinct from ontogeny (the development of the founder module in a colonial organism, or of the organism, in the case of a unitary entity), and termed astogeny (Pachut et al., 1991; Rinkevich, 2002; Sánchez and Lasker, 2003) . Astogeny is controlled by a combination of genetically mediated developmental programs and environmental cues (Rinkevich, 2002; Sánchez and Lasker, 2003) , allowing the formation of species-specific architecture through integrated, fixed and variable developmental pathways (Rinkevich, 2002; Shaish et al., 2007) . The developmental homeostasis throughout astogeny, universally reflected by high fidelity in the setting of morphological structures (Pachut et al., 1991; Rinkevich, 2002; Sánchez and Lasker, 2003; Hughes, 2005; Rosner et al., 2006 , Shaish et al., 2007 Kuecken et al., 2011) , is presumably controlled by a network of gene expressions and transcription factors. Developing such a functioning network should involve a complex temporal and spatial interplay of molecular cascades and cellular, chemical and mechanical stimuli. Elucidating the operation of developmental genes that control distinct levels of ontogeny and astogeny is, therefore, of special interest (Rinkevich, 2002) .
There are some more complex astogenic phenomena, such as those involving cycles of degeneration and regeneration of modules (parallel or sequentially operated). This mode of astogeny has been established as typical of many bryozoans, hydroids, compound ascidians and other taxa (Hughes, 2005) , depicting a much more intricate modular life form, which surfaces even via the reiteration of identical colonial modules. One such example for astogeny is found in botryllid ascidians.
Botryllid ascidians are a small but widely distributed group of colonial stolidobranch tunicates, used commonly as a model system for the study of developmental biology. A typical colony of a botryllid ascidian consists of a few to several thousand morphologically and genetically identical, recurrently developed modular units, called blastozooids (also referred to as zooids; hierarchically arranged in three successive generations of structural modules; Fig.   1 ). All zooids in a specific colony are encased within a common, translucent gelatinous tunic matrix and organized in elongated, compact, oval or star-shaped structures (systems) characteristic to each specific species. Zooids are connected to each other via a ramified vasculature, projecting along the colonial periphery in numerous sausage-like blind termini, the ampullae (Fig. 1) . Although tightly interconnected morphologically and physiologically, each zooid within a colony is able to feed and sexually reproduce independently. In this group of organisms astogeny at 18-20°C develops as weekly, highly synchronized growth and death cycles, called blastogenesis, which adheres to a strictly regulated plan. The blastogenic cycle progresses simultaneously in all three coexisting, asexually derived generations; the functional zooids and the two successive cohorts of primary and secondary palleal buds (Berrill 1941a,b; Milkman 1967; Lauzon et al., 2002; Manni et al., 2007; Ballarin et al., 2008) . Each blastogenic cycle is composed of four major phases (Fig. 1) , three of which display developmental processes (termed phases "A-C"; sensu the staging method by Mukai and Watanabe, 1976) , followed by a short fourth phase "D"(24 h period), a degenerative phase (also called 'takeover'). During 'takeover' the old generation of zooids is eliminated through a whole-organismal apoptotic event ensued by swift phagocytosis (Cima and Ballarin, 2009) , concurrently replaced by the primary buds that mature into the consecutive cohort of functional zooids (Fig. 1) . Each blastogenic cycle, therefore, starts with the opening of the siphons of new adult zooids and ends in the takeover phase. During blastogenic phases "A" to "C", as many as four new palleal buds may develop from the body wall of each functional zooid. Phase "A" primary buds (each may reach 0.3 mm long) carry the rudiments of the secondary buds that emerge from their atrial epithelium. Astogeny of the primary bud cohort precipitates during blastogenic phases "B" and "C" (reaching sizes of up to 1 mm), whereby the secondary buds concurrently form double-layered vesicles that initiate a rapid organogenesis process resulting in the formation of the primary buds of the next generation of colonial modules.
Botryllid ascidians are hermaphroditic species with male and female gonads situated side by side in each zooid. In the model species Botryllus schlosseri, ova mature in several consecutive blastogenic cycles during which they migrate to the developing buds of the succeeding generations (Sabbadin et al., 1992) , until ovulation and fertilization are finally attained with precise coordination between sexual reproduction and blastogenesis (Berrill, 1950; Milkman, 1967) . Embryogenesis follows the blastogenic cycle, so that embryos held in the zooidal peribranchial chambers mature and hatch from the zooidal siphons just prior to blastogenic phase "D", commencing zooidal regression and organ involution.
Detecting ontogeny within a colony requires separating the individual aspects of module growth from those of the founder module (oozooid, founder polyp, etc.) . Therefore, when we look at the yet unknown cellular and molecular pathways, patterns, and rules which impose astogeny in colonial organisms, it is clear that elucidating the operation of astogeny associated developmental gene families is of fundamental interest, because the same gene families may have shaped ontogeny (e.g., Gasparini et al., 2011) . One of the preferred investigatory approaches utilizes Signal Transduction Pathways (STPs).
A STP is the process by which an extracellular signaling molecule activates a membrane receptor that in turn alters intracellular ( sensu Mukai and Watanabe, 1976) : schematic illustrations (left panels) of colonial phases (right panels). molecules, inducing a response. Some of the well-characterized STPs, such as Wnt pathways, are evolutionarily conserved signaling pathways that regulate multiple aspects of metazoan development. STPs are known to participate in ontogeny, and are specifically essential throughout development, from early cell divisions and axis specification to full organogenesis (Komiya and forming Growth Factor Beta [TGF-b] , Mitogen-Activated Protein Kinase [MAPK/ERK]). Examination of the B. schlosseri genome database (http://genepyramid.stanford.edu/botryllusgenome/) revealed the existence of the genes functioning in each of these pathways. As signals in these pathways are conveyed through post-translational modifications like phosphorylation, we chose 'A' buds; BC, phase 'C' buds; EA, phase 'A' embryos; EB, phase 'B' embryos; EC, phase 'C' embryos; ST, stomach; ZA, phase 'A' zooids; ZC, phase 'C' zooids. Habas 2008). STP networks have been studied in solitary ascidians in relation to development (Imai et al., 2000; Nishida, 2003; Kourakis and Smith 2007) . However, current knowledge on the signaling cascades in colonial ascidians is rudimentary, despite the common belief that the tunicates represent the closest living relatives of the vertebrates (Delsuc et al., 2006) . In fact, to-date only a few studies on STPs in colonial ascidians have been published (Franchi et al., 2013; Kawamura et al., 2013) .
As the theorized networks of molecular pathways and mechanisms underlying Botryllus schlosseri astogeny are still unknown, we wish to examine the participation of a representative from three important STPs in colony blastogenesis (Wnt/b-catenin; Trans- representative genes central to each of the above STPs, and looked for the specific spatio-temporal patterns of expression of the activated protein and the impacts of their modulation by specific agonist/inhibitors, thus laying the ground for future research. (Rosner et al., 2013) . The previously undetermined specificities of the other antibodies were resolved in this study; We've shown a high sequence similarity between putative human derived immunogens (the exact sequences are not provided by the manufacturers), which served to elicit antibodies for each of the antigens p-Smad2, p-Mek1/2 or b-catenin and corresponding B. schlosseri orthologues (Fig. 2  A1-A3 ). The phosphorylation sites of the B. schlosseri orthologues of Smad2 and Mek1/2 were preserved. Western blot analyses revealed bands at size ranges similar to those observed in human (p-Smad2 52-56kDa; p-Mek1/2 43kDa; b-catenin 95kDa; Fig. 2 B1-B3 ). The western blot analysis with b-catenin revealed, in addition to the expected band, a second band of about 70kDa which might be a proteolytic cleaved fragment of b-catenin, as described previously in other animal models (Steinhusen et al., 2000; Fig. 2B3) .
Results

Identification of key molecules functioning in STPs
Using ELISA (Fig. 2C) , the relative quantity of each one of the proteins (b-catenin, p-Smad2, p-Smad1/5/8, and p-Mek1/2) was measured in young embryos (at blastogenic phase "A "), embryos at an early tailbud stage (blastogenic phase "B "), mature embryos (at blastogenic phase "C"), buds at blastogenic phases "A" and "C" (each sample included primary and secondary buds of the respective phase), their corresponding blastogenic phases "A" and "C" zooids, and the digestive systems (stomachs and intestines) from blastogenic phase "A" colonies. The experiment was repeated three times. For each replicate the different proteins were extracted from 2-3 genets (referred to as 'Mix' in Fig. 2C ). The results revealed common trends manifested through expression differences between buds and zooids and between colonies at different phases of the blastogenic cycle, while embryonic expressions fluctuated during
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differentiation: b-catenin quantity was always higher in buds than in zooids, with relatively high quantities also found in embryos; p-Smad2 highest expression was detected during the embryonic tailbud stage. In the colony, p-Smad2 expressions in buds and zooids of phase 'C' were higher than in phase 'A' appropriate tissues; p-Mek expressions were the highest in buds of phase 'C'; finally the expressions of p-Smad1/5/8 were relatively low, with a slightly higher expression in buds than in zooids.
To further study the typical expression patterns of these proteins in normal colonies, B. schlosseri genotypes were subcloned, each into four ramets, sacrificed in blastogenic phases "A" to "D" and prepared for immunohistochemistry. Using histological sections of whole gravid ramets enabled the study blastogenesis of in B. schlosseri colonies, simultaneously to major stages of ontogeny (expressions of the signal transductions genes in developed gonads and in embryos). The results are shown henceforth.
The Wnt pathway
Normal expression during blastogenesis and embryogenesis b-catenin expression patterns in ontogeny and blastogenesis were studied, with emphasis on b-catenin accumulation in cell nuclei ( 2 or 4-the cell zone of the endostyle.
Along blastogenesis, the differentiating buds ( Fig. 3 L-P) revealed a weak but homogenous b-catenin distribution in the cytoplasm and nuclei and high expressions at cell boundaries, from the crescent-like stage of secondary buds (Fig. 3L ) to the fully differentiated primary buds at the end of blastogenic phase "D". Prominent nuclear expressions were not detected during bud differentiation, including in the endostyles. In most zooidal tissues, we did not detect accumulated b-catenin nuclear staining, but rather weak homogenous staining in cytoplasm and nuclei and strong staining at cell boundaries ( Fig. 3 Q-S) . Cells in the cell island (CI) compartments along the endostyle were the only tissues with prominent nuclear staining in mature zooids (Fig. 3T ). Zone 4 in the zooidal endostyle ( Fig. 3U ) was the most intensively stained tissue during phases A-C (Fig. 3V ). At late blastogenic phase "C", a change occurred as cells from the endostyle zone 4 and some loose cells in close proximity were completely deprived of nuclear b-catenin stain (Fig. 3W ). Peripheral b-catenin staining persisted at the beginning and middle blastogenic phase "D" (Fig. 3X ) and the 'takeover' phase (Mukai and Watanabe, 1976; Cima and Ballarin, 2009 ).
In the germ lineage, cytoplasmic and nuclear expressions were detected in the PGC-like (primordial germ cells; Rosner et al., 2013) or gonia cells (Fig. 3P ). In differentiating germ cells within the buds, the expression was weak and restricted to the periphery of the oocytes (Fig. 3L ) or the male cells (Fig. 3P) . b-catenin expressions were not detected in mature zooidal testes.
Impact of Wnt agonist and antagonist
The Wnt agonist (WA; 2-Amino-4-(3,4-(methylenedioxy) benzylamino)-6-(3-methoxyphenyl) pyrimidine; Liu et al., 2005) was employed at a concentration of 0.05 mM, and distinctive phenotypes were recorded for 4-21 days following drug administration. Preliminary studies revealed that concentrations >0.1 mM caused
colonial mortality, whereas concentrations of <0.01 mM had no phenotypic outcomes (data not shown). In total, 16 colonies at blastogenic phases "A" and "B" (13 experimental, 3 controls) and 7 colonies at late phases "C" and "D" (5 experimental, 2 control) were treated for 24 h with WA (agonist first incubation day assigned as day 0) and closely monitored for up to 21 days thereafter (Fig.  4) . Treatment impacts were evaluated by observing the colonies under binocular stereomicroscopy or by immunohistochemical analyses with b-catenin or BS-PL10 antibodies (Rosner et al., 2006) . BS-PL10 expression differentiated between bud tissues (high expression) and zooidal tissues (low expressions; Rosner et al., 2006) . On day 1 following treatment (d=1), all colonies looked similar to controls ( Fig. 4A ) and the functional zooids exhibited normal heart pulsations and blood cell circulation. Immunohistological analyses confirmed the integrity of colonial morphologies (Fig. 4B) . Thereafter, the documented responses were associated with the blastogenic phase of the colony when subjected to Wnt agonist; on day 2, cell islands (CI) of zooids treated at the beginning of the blastogenic cycle (phases "A" or "B") were populated by aggregates of macrophage-like (mac-like) cells with high b-catenin expression (Fig. 4C , yellow arrow). On day 3, signs of stress manifested by blood vessels dilatation and accumulation of cells in blood vessels were documented. Additionally, the integrity of the internal organs of buds and zooids were affected, as tissues became thinner and expression of b-catenin decreased in tissues where they are normally elevated, as in the zooidal endostyle zone 4 (Fig. 4D) . On day 4, simultaneously with the appearance of morphological degradation, dispersed b-catenin heavily-stained mac-like cells were unexpectedly spotted outside of CI in early phase "C" zooids and ampullae (Fig. 4E , yellow arrows), a phenomenon normally occurring in blastogenic phase D colonies. In these colonies, buds' tissues were underdeveloped, although not populated with maclike cells (Fig. 3E) . On day 5 buds were smaller than expected from their chronological age. Zooids shrank and rotated relative to each other within the system, thus failing to form common exhalant siphons (Fig. 4F ). Blood cells, typically traced through circulation of distinguished cell types like pigment cells, moved into the ampullae, which were transformed into dilated structures, up to four times larger than normal. Immunohistochemical analysis further revealed complete destruction of embryos and zooidal internal organs as well as degenerated bud tissues (Fig. 4G ). These deformed bud tissues expressed high levels of BS-PL10 as do normal buds (Rosner et al., 2006) . On day 6, the only 'healthy looking' tissues were the crescent-like BS-PL10 positive undifferentiated epithelial-like tissues, which resembled early differentiating secondary buds (Fig.  4 H,I ). Thereafter, while control colonies started a new blastogenic cycle, the zooids of the treated colonies shrank to a minimum but were not absorbed at the end of the blastogenic cycle (Fig. 4J) . In most cases the colonies continued to deteriorate until blood movement ceased and the colonies died. In a few cases, after a Abbreviations: am, ampulla; bd1, primary bud; bd2, secondary bud; bs, branchial sac; ci, cell islands; dz, degenerated zooid; em, embryo; en, endostyle; in, intestine; oo, oocyte; st, stomach; tu, tunic; zo, zooid. prolonged and unusual blastogenic cycle of the treated zooids (>9 days), a few buds managed to endure the 'takeover' phase and started a new blastogenic cycle. When colonies at late blastogenic phase "C" (Fig. 4K ) to early phase "D" were treated with Wnt agonist, the first blastogenic cycle progressed contemporaneously as the control colonies, developing morphologically normal zooids (Fig. 4L) , a result which was further supported by an immunohistochemical analysis with BS-PL10 antibody (Fig. 4M) . Following three days of treatment, the newly formed primary buds were morphologically underdeveloped compared to the controls, although zooidal internal organs seemed normal (Fig.  4N ). Thorough immunohistochemical examinations revealed an abnormal status, as cells with no nuclear b-catenin staining were documented in zooidal endostyle zone 4 and in its proximity (Fig.  3O, white arrow) , similar to the mode of expression in late phase "C" normal colonies (Fig. 3W) . On day 5, a deteriorating colony phenotype developed (Fig. 4P ). Immunological analyses with BS-PL10 antibodies revealed zooidal and primary buds destruction (Fig. 4Q) , concomitantly with developing BS-PL10 + crescent-like shaped secondary buds (Fig. 4Q ) that appeared similar to those observed in colonies treated at blastogenic phase "A" (Fig. 4 H,I ). On day 6, the secondary buds were at an early differentiation state (Fig. 4R) . In one case, three early differentiating buds were detected within a single common epithelial envelope, each of which differentiated along its own longitudinal axis (Fig. 4R) . On day 7, while the control colonies entered into the 'takeover' phase and proceeded to the new blastogenic cycle, the treated colonies remained in a prolonged blastogenic "D" phase for two additional days. By day 21, zooidal systems in some of the treated colonies had completely recovered. Altogether, only 3 out of 13 (23%) colonies from blastogenic phases "A / B" and 3 out of 5 (60%) colonies from phase "C" survived treatment.
Further deregulation of the Wnt pathway in B. schlosseri colonies was achieved using the Wnt antagonist XAV939, an inhibitor of Tankyrase (IC50=4nM; The B. schlosseri orthologue of Tankyrase in the genome database is g65078). Seven naïve colonies were exposed to 4nM XAV939 for three days before being transferred to normal sea water. Following treatment, we observed short blastogenic cycles (lasting five or six days) in five of the treated colonies (71%). In three colonies, we detected abnormalities in + staining in the embryos. Abbreviations: bd1, primary bud; bd2, secondary bud; bs, branchial sac; bv, blood vessel; by, body; ci, cell islands; em, embryo; en, endostyle; es, esophagus; fc, follicular cells; mac, in, intestine; ng, neural gland; oo, oocyte; PGC, st, stomach; sy, syphon; ta, tail; ts, testis; tt, test cells; tu, tunic; zo, zooid . Rosner et al. embryo differentiation and in secondary buds (Fig. 4 S-U) . In the treated colonies, dead or undifferentiated embryos were spotted in blastogenic phase 'D' zooids ( Fig. 4 S-T) . Simultaneously, several secondary buds with partially degenerated tissues were identified; however, this phenotype was not accompanied by a prominent decrease of b-catenin in the nuclei (Fig. 4U) . The overall impacts of Wnt agonist/antagonist administrations can be categorized into three main results:(1) changes related to the duration of the blastogenic cycle, prolonged by the agonist (affecting the absorption time of the old generation of zooids), while the antagonist caused cycle acceleration; (2) attenuation/arrest of bud differentiation, where the b-catenin agonist had impacts mainly on primary buds and the antagonist on the secondary buds; (3) the death of embryos, observed following both treatments.
The TGFb pathway
Recurrent expression
The TGFb superfamily of ligands is divided into several subfamilies whose signals are transduced by either Smad2/Smad3 or Smad1/Smad5/Smad8 pathways. Smad2 is a transcriptional modulator phosphorylated upon activation with TGF-b or activin type 1 signals. This phosphorylation enables p-Smad2 association with Smad4 and their translocation into the nucleus where p-Smad2 exerts its function. In the Botryllus system, nuclear p-Smad2 staining increased gradually along embryogenesis (Fig. 5 A-C) . Starting from nuclear staining of a few cells (Fig. 5A) , the number of stained cells notably increased, showing temporal and spatial specificity with most of the staining being concentrated in the body tissue and not in the tail rudiment (Fig. 5B) . At the wrapped-tail stage, nuclear p-Smad2 staining was detected in most embryonic cells (Fig.  5C) . Bud staining showed different expression dynamics; nuclear p-Smad2 staining appeared in most soma bud cells from the moment new secondary buds developed in crescent forms (Fig. 5D ). This staining continued through all bud stages (Figs. 5 D-G) . Early differentiating oocytes (Fig. 5F ) also expressed nuclear p-Smad2, whereas in mature eggs (Fig. 5D ) expressions were detected only in the nuclei of the follicular and test cell layers, which wrap the eggs but without staining in the eggs. Positive staining was documented in the primordial germ cell-like cells (PGC-like; Rosner et al., 2009; Fig. 5D ) and bud testes (Figs. 5 G-H) . The staining of the testes dropped dramatically in blastogenic phase "A" zooids to a few bundles of cells (Fig. 5I) , and was absent from testes of blastogenic phase "C" zooids (Fig. 5L) . Nuclear p-Smad2 staining was evident in zooidal soma tissues during phases "A-C", and extensively marked in the endostyles and in the digestive systems (Figs. 5 J-M) . The zooidal esophagus exhibited a unique mode of staining, displaying the highest concentrations mainly in the cytoplasm (Fig. 5M) . The zooidal staining decreased significantly as soon as the colonies entered blastogenic phase "D" (Fig. 5N) .
P-Smad1/5/8 is phosphorylated upon activation by BMP (Bone Morphogenetic Protein) type 1 receptor kinase. The p-Smad1/5/8 expression pattern has already been studied in B. schlosseri with emphasis on the germ lineage (Rosner et al., 2013) . In the present study, extremely faint staining with p-Smad1/5/8 was detected within the embryonic tissues (white arrows; Figs. 5 O-P). Since the test cells wrapping embryos of various ages showed a significantly stronger expression, the pattern for embryonic staining is not clear. While bud soma of various developmental stages were not stained (Figs. 5 Q-S), high expressions were detected in the germ lineage, in nuclei of PGC-like cells, oocytes (Fig. 5Q ) and mature eggs, including staining in the follicular layers that wrap the eggs (Fig.  5T) . The expression of p-Smad1/5/8 in testes was detected in the buds (Figs. 5 S-T), whereas in zooidal testes it dropped off and vanished in mature sperm (Fig. 5U) . Along blastogenesis phases "A" to "C" zooids did not show distinctive staining changes; PGClike and mac-like cell populations and the neural glands were the only cells/tissues stained with p-Smad1/5/8 in these zooids (Figs. 5 V-X). Thus, the distribution of PGC-like and mac-like cell populations within various zooidal compartments had its mark on overall zooidal staining. These results corresponded with the ELISA outcomes; the tissue limited distribution of p-Smad1/5/8 was in accordance with the low quantities of the protein detected by ELISA assay, while high expression in early germ lineage (situated in the buds) explains the relative increase of p-Smad1/5/8 protein in buds. At blastogenesis phase "D", the zooidal neural gland remained stained until completely degraded and at the same time a significant increase of staining was detected in the digestive systems undergoing apoptosis (Fig. 5Y ).
SB-431542 and LY2157299 administration; the impact of TGF-b inhibitors
SB-431542 is an inhibitor of endogenous activin and TGF-b signaling but has no effect on BMP signaling (Inman et al., 2002) . The inhibitor was employed at a concentration of 5 mM, and the fates of treated colonies were recorded for 20 days following drug administration. Preliminary studies revealed that concentrations of >7 mM caused colonial mortality, whereas concentrations of <1 mM resulted in no phenotypic outcomes (data not shown). In total, 11 colonies (8 experimental, 3 controls) at blastogenic phases "A" or "B" (the phenotype and hematoxylin-eosin of the control colonies are shown on Figs. 6 A-B, respectively) were treated for 72 h, and closely monitored for up to 21 days thereafter (Fig. 6 C-M) .
After three days of exposure to SB-431542, the colonies which were transferred to regular seawater preserved an almost normal phenotype, with normal sized buds compared to controls (Fig. 6C) . Hematoxylin-eosin histological sections revealed the appearance of large cavities in the right-hand sides of primary buds, which pushed the soma tissues to the left (Fig. 6D, red arrows) . On day 6, a decrease of nuclear p-Smad2 staining in primary and secondary buds (Fig. 6E) was detected, and the colonies exhibited stress signs, manifested by retraction of the zooids towards the periphery of the colony (Fig. 6F) . On day 7, together with reduced p-Smad2 expressions in stomach cell nuclei and diminished expressions in esophagus (Fig. 6G) , malformations within the primary buds were observed (Figs. 6 H-J). In some of these buds, the endostyle tips and the branchial sacs (situated at the anterior side of the bud) were deformed or degenerated, while the well-developed digestive systems (posterior side) were tilted to the right, perhaps by the enlarged cavities. Early staged embryos with decreased p-Smad2 staining (Fig. 6K) were detected. Eventually, a new blastogenic cycle started, but from that point onwards, the colonies started deteriorating (Figs. 6 L-M). The new generation of zooids were rotated within the tunic and failed to form normal zooidal systems (Fig. 6M) . The zooids further bent and twisted, while the buds deteriorated and their number decreased. Most of the colonies (5/8 colonies, 62.5%) died within 20 days. In the other three colonies, the few remaining stressed zooids regenerated through a series of abnormal zooidal generations ('striving for normality' sensu Voskoboynik et al., 2007) , a process that led to the development of rehabilitated colonies, presenting typical zooids and regular blastogenic cycles.
Naïve colonies were treated with another inhibitor of TGF-b receptor type1 kinase, LY2157299. B. schlosseri colonies were exposed to 30nM (IC50=56nM) for three days. In 2/5 treated colonies the modules lost the system unit organization (Fig. 6N) , and the stomach within some of the primary buds was pushed aside from its normal site (Fig. 6O) . Embryos failed to differentiate, and some of the embryos were found trapped in stage D zooids. These results were in accordance with the impacts of SB-431542, suggesting that the effects of the antagonists are specific to the TGF-b pathway.
Stress per se, such as oxidative stress (Fig. 6P) , did not cause morphological changes as those observed after administration of the two antagonists. Rather, the antagonists induced changes resembling those caused by the administration of retinoic acid (Figs. 6 Q-R), a molecule known to determine the anterior-posterior axis of developing buds in Polyandrocarpa misakiensis (Hara et al., 1992) .
The MAPK/ERK pathway
Recurrent expression
Here we studied expression patterns of p-Mek1/2, an enzyme which phosphorylates the mitogen-activated protein kinase (MAPK; Fig. 7 ). p-Mek1/2 expressions were detected in several cell compartments: cytoplasm, nucleus and near the cell membrane (Fig. 7) . In mature eggs p-Mek appeared as small aggregates spreading within the cytoplasm (Fig. 7A ). Sporadic nuclear expression was detected in test cells and in the follicular layers wrapping the eggs. In early embryos the strongest expression was detected in the nuclei of a limited number of cells that form aggregates composed of 2-3 cells (Fig. 7B) . Thereafter, staining in the form of small granules in the cytoplasm, in nuclei and in the form of continuous sub-membrane staining, appeared primarily in specific cell populations concentrated at one of the hemispheres of the embryos (Fig. 7C) . At mid-tail stage, most embryonic tissues were stained, with differences in the subcellular location of the staining; granular staining appeared in the anterior part of the body while the sub-membranal and nuclear staining appeared in the posterior part of the body trunk. Strong staining of the epidermis lining the tip of the embryo tail and granular staining in the rest of the tail were also detected (Fig. 7D) . In wrapped-tail embryos, all three subcellular staining distributions were detected, varying between the different tissues (Figs. 7 E,F) . For example, in the tail of the embryo we detected a few stained cells scattered in the notochord and in the epidermis, at different sites along the tail. Secondary and primary buds also reflected three expression patterns: strong, whole cellular staining, staining of small cytoplasmic granules, and sub-membrane staining of cells at the apical side of the tissue (Fig. 7 G-K) . In early secondary buds, tiny cytoplasmic Abbreviations: am, ampulla; bd1, primary bud; bd2, secondary bud; bs, branchial sac; en, endostyle; es, esophagus; H&E, hematoxylin and eosin staining; in, intestine; oo, oocyte st, stomach; sy, syphon; ts, testis; tu, tunic; zo, zooid. (Fig. 7J) . In parallel, a couple of whole-stained cells occasionally appeared in the soma tissues (Fig. 7 G-I ). During blastogenesis, strong whole-cell staining increasingly appeared in a number of cells, predominantly in the primary bud cells of the gut and neural rudiments (Fig. 7J) , and then, in the digestive system (Fig. 7K) . In primary buds at blastogenic phase "C", apical-sided staining appeared in the endostyle (Fig. 7K ) and gradually in other internal organs, until this apical sided staining pattern replaced the sporadic whole cell staining pattern. Apical sided staining of various zooidal internal organs persisted at blastogenic phases "A-C" (Figs. 7 L,M,O), and disappeared gradually with zooid absorption during blastogenic phase "D" (Fig. 7P) . Counterstaining with DAPI confirmed that this apical side staining was not nuclear, since nuclei are situated basally within the tissue (Fig. 7N) . A further follow up on p-Mek1/2 expression within the germ lineage revealed nuclear staining in young oocytes (Fig. 7J ) which disappeared as they differentiated, remaining in the form of small cytoplasmic aggregates in the cytoplasm and the perinuclear region (Figs. 7 H-I). Strong whole-cell staining was detected in few cells within the gonad rudiment (Fig. 7G ). The number of positively stained male cells increased but still marked only a fraction of the male cells in the bud testes (Fig. 7J ). The zooidal testes at blastogenic phases "A" and "B" contained a few bundles of stained cells (Fig. 7L) , which disappeared as testes matured during the blastogenic phase "C" (Fig. 7O) . Finally, staining was detected in the cells situated in the tunic matrix, ampullae (Fig. 7O ) and in some of the epithelial cells lining the blood vessels (Fig. 7L) . Depending on its cellular context, MAPK/ERK pathway mediates diverse biological functions, including cell proliferation (Liu et al., 2004) . To test possible function of MAPK/ERK in cell proliferation, the p-Mek 1/2 expression pattern was compared to that of phosphorylated Histone3 (p-H3, the core protein of the nucleosome and a well-documented marker of cell proliferation; Figs. 7Q-T) . The staining pattern of p-Histone3 (p-H3) overlapped the staining patterns of the whole/nuclear p-Mek1/2 stained cells.
Impact of U0126 and Trametinib administration
U0126, an inhibitor of Mek1 and Mek2 (Davies et al., 2000) , was employed at 5 mM concentration, and distinctive phenotypes were recorded for up to three weeks following drug administration. Preliminary studies revealed that concentrations of >7 mM caused colonial mortality, whereas concentrations of <1 mM had no phenotypic impact (data not shown). In total, seven colonies at blastogenic phase "A" were submersed for 72 h in 5 mM U0126 containing seawater, and closely monitored for up to 17 days thereafter, with parallel blastogenic phase and genet matching controls. Documentation of the phenotypic impacts of the treatment was performed (Fig. 8 A,H,K-O), and immunological and histological analyses were done on several treated genets. First impact signs were observed two days following U0126 administration, seen as significant reduction in p-Mek1 staining of primary buds (Fig.  8 B,C) and germ lineage cells staining in all modules (Fig. 8B,  C) . Malformed primary buds were observed as early as two days Abbreviations: am, ampulla; bd1, primary bud; bd2, secondary bud; bs, branchial sac; bv, blood vessel; em, embryo; en, endostyle; fc, follicular cells; gor, gonad rudiment; in, intestine; nt, notochord; oo, oocyte; st, stomach; ta, tail; ts, testis; tt, test (Fig. 8D) . On day 3, the two systems constituting the specific ramet studied (Fig. 8H) withdrew from each other, retracting blood vessels and ampullae, while primary buds grew rapidly. Hematoxylin and eosin staining (d=4) revealed early absorption of the zooidal internal organs (Fig. 8I ) and relatively small primary buds with poorly differentiated internal organs (Fig.  8I) , side by side with normal looking primary buds with secondary buds (Fig. 8J) . The 'takeover' phase occurred faster than normal (cycle lasting 6 days instead of 7), as observed in stressed animals (unpublished). The result of the high number of malformed buds was a 40% decrease in zooid number after 'takeover' (the number of zooids in the newly emerged generation was reduced to 15, compared to 25 in the previous generation; Fig. 8K and Fig. 8A, respectively) . Despite the decrease in number, the zooids reorganized in three colonial systems, with an additional zooid separated from the rest (Figs. 8L) . Stress signs were discernible by increased pigmentation, shrinking ampullae and blood vessel dilatation. In the next blastogenic cycle, the number of zooids further decreased to five (Fig. 8M) . From this stage onwards, the surviving colonies started to recover (Fig. 8 N-O) . Three colonies out of seven (43%) survived the treatment. The specificity of the U0126 treatment was further verified by Trametinib, another inhibitor of Mek1/Mek2. Trametinib was delivered at a concentration of 0.7nM (IC50 of 0.92 and 1.8 nM for Mek1 and Mek2, respectively, according to the manufacturer), for 3 days on 7 naïve colonies and impacts were compared to those of seven genet matched DMSO treated controls. Comparison of a colony before (Fig. 8P ) and six days following Trametinib treatment (at phase 'D'; Fig. 8Q ) revealed a 33% decrease in zooid numbers after 'takeover', since only eight normal sized primary buds developed to replace the twelve existing zooids. Immunohistochemical analysis with p-Mek1/2 antibodies showed unstained and undifferentiated primary buds two days following treatment (Fig. 8R) . Seven days following treatment, p-Mek positively stained differentiated (Fig.  8S ) and under-differentiated primary buds (Fig. 8T) were spotted in the same colony.
U0126 and Trametinib impacts, among them the decrease in On (P) and (Q), yellow numbers/outlines mark zooids, blue numbers/outlines mark primary buds. Abbreviations: am, ampulla; bd1, primary bud; bd2, secondary bud; bv, blood vessel; ci, cell islands; en, endostyle; H&E, hematoxylin and eosin staining; oo, oocyte; PGC, st, stomach; ts, testis; tu, tunic; zo, zooid 
colony size, were probably caused by the differentiation failure of a large fraction of the primary buds, and are common to both inhibitors.
Discussion
This study focuses on STP expression and functions during astogeny and ontogeny, using the colonial ascidian B. schlosseri as a model. In solitary ascidian species, STP expression and functions during ontogenic stages have been elucidated for Wnt/b-catenin (Niwano et al., 2009; Hudson et al., 2013) , TGF-b (Kobayashi et al., 1999; Kobayashi and Makabe, 2001; Hino et al., 2003; Kawashima et al., 2005; Christiaen et al., 2010; Nishide et al., 2012) and MAPK/ ERK (Bertrand et al., 2003; Hudson et al., 2003; Nishida, 2003; Pasini et al., 2006; Chambon et al., 2007; Sakabe et al., 2006) pathways alone, or in combination with other STPs (Hudson et al., 2007; Lemaire, 2009; Pasini et al., 2012; Sasakura et al., 2012; Squarzoni et al., 2011) . This has not been extensively studied in colonial species where astogenic and ontogenic pathways are developing side by side and in concert.
Botryllid ascidians are colonial marine chordates with a remarkable astogeny, manifested by consecutive and serial blastogenic cycles. Both astogeny and ontogeny form similar bodily structures (Manni and Burighel, 2006) , including axial polarity and colonial patterning, all adhering to the rules of stem cell proliferation and differentiation. Therefore, it is assumed that basic evolutionary traits, like STPs, could be shared between embryogenesis and astogeny (such as blastogenesis; Gasparini et al., 2011) , as well as with major regeneration routes (Rinkevich et al., 2008) , taking also into account that modulation of Wnt/b-catenin, MAPK/Erk and TGF-b pathways enhances somatic cell reprogramming in ways that are still poorly understood (Sanges and Cosma, 2010) . Colonial ascidians, with their recurring blastogenic cycles and their close relationship with the vertebrates, are thus excellent models for studying these relationships. However, while studies (e.g., Berrill, 1941a,b; Izzard, 1973; Sabbadin et al., 1975; Lauzon et al., 2002) have already described major routes in the botryllid ascidian astogeny, knowledge regarding the molecular programs in colonial ascidians is limited. Tiozzo et al., (2005) studied the expression of pitx (pituitary homeobox gene) and Gasparini et al., (2011) studied the outcomes for the expression of a Musashi-like gene in blastogenesis and embryogenesis. pmERK (MAPK pathway) and pmb-CTN (b-catenin orthologue) were shown to be strongly induced in Polyandrocarpa misakiensis trans-differentiating buds (Kawamura et al., 2013) following RA treatment. RA also regulated secondary axis formation (Hara et al., 1992) and triggered an epithelium trans-differentiation of the gut in regenerating animals, as they might do in buds (Kaneko et al., 2010) .
Here we studied Wnt/b-catenin, TGF-b and MAPK pathways by elucidating the participation of a focal gene from each of the above STPs (b-Catenin for the Wnt pathway, Smad2 and Smad1/5/8 for the TGF-b pathway, and Mek1/2 for MAPK/ERK pathway), investigating functionality in astogeny and ontogeny through the administration of specific inhibitors/activators. Results further reveal that the three STPs are co-expressed (but not necessarily co-localized; Fig. 9 ) during astogeny and ontogeny, with STP-specific spatiotemporal patterns.
b-catenin structural and signaling functions (Valenta et al., 2012 ) are mediated at different cellular compartments, the sub-membrane and the nucleus. In B. schlosseri, high nuclear b-catenin expressions are detected in the vegetal pole of early staged embryos, similar to solitary tunicates (Hudson et al., 2013) , and in endostyles of late embryos, a location not been previously described. Submembranal b-catenin expressions appear in differentiating embryos where the majority of b-catenin resides, a property shared with buds and zooids of blastogenic phases "A" to "C". In buds of all blastogenic phases, we could not observe strong nuclear b-catenin accumulation, but rather low expressions distributed equally in cytoplasm and nuclei. The endostyle zone 4 tissues expressed the highest b-catenin levels (in both nuclei and cytoplasm) at blastogenic phases "A", "B" and early "C", and became dramatically down-expressed at advanced blastogenic phase "C", prior to the onset of the 'take over' process. Either knockdown (Chang et al., 2013) or overexpression (Kim et al., 2000) of b-catenin may induce apoptosis. In this study, though agonist treatment in blastogenic phase "A" treated colonies induced the premature destruction of internal organs in zooids, it did not accelerate the blastogenic cycle, but instead extended it. Antagonist administration, in contrast, accelerated the blastogenic -Smad1/5/8, p-Smad2, b-Catenin and p-Mek1/2 co-expressions in astogeny (buds and zooids along blastogenic phases "A" to "D"; sensu Mukai and Watanabe, 1976) and ontogeny, and in the corresponding stages of gonadogenesis and embryogenesis. Arrows refer to the weekly concurrent progress in the three developmental phenomena during one blastogenic cycle. Sm b catenin and N b catenin refer to submembranal and nuclear b catenin, respectively. Abbreviations: ci, cell islands; en, endostyle; es, esophagus; in, intestine; ng, neural gland; oo, oocyte; PGC, PGC-like cells; st, stomach; ts, testis. cycle. However, treating late blastogenic "C" colonies (when buds are almost completely differentiated) with Wnt agonist did not change the duration of the existing blastogenic cycle, implying that b-catenin was not the primary pacemaker of the blastogenic cycle. As in other models, the responses to the b-catenin agonist or antagonist depend on responder characteristics; embryos responded to either agonist or inhibitor treatments with an arrest of differentiation followed by death, while buds responded with malformed differentiation. In the zooids, Wnt agonist caused internal organ apoptosis concurrent with macrophage-like cells activation and the migration of these cells out of the resident cell islands to various zooidal tissues, all revealed by an increase in the content of the macrophage b-catenin. As for the germ lineage, b-catenin was expressed in stem or early differentiating cell types such as PGC-like or gonia cells and in the follicular layers of the oocytes.
TGF-b, Activin and Nodal signals are mediated via p-Smad2. Nuclear p-Smad2 expression patterns in B. schlosseri gastrula and tail-bud embryos are differentially expressed with regards to site/time (Fig. 9) . In wrapped-tail embryos, buds and zooids, p-Smad2 nuclear expression is ubiquitous in almost all cell types, with fluctuating staining strength in various tissues, of which the most prominent staining is in the zooidal esophagus, in both the nucleus and the cytoplasm. Inhibition of TGF-b/Activin pathways reduced p-Smad2 staining, also resulting in malformation in the primary buds along the A/P axis: degenerated/malformed tissue at the anterior part of the buds (endostyle, branchial sac), with healthy looking tissues at the posterior part (stomach).The L/R axis was also affected as the stomach and intestine shifted to the right following the formation of large cavities. On the colonial level, system unit formation was lost and replaced by a chaotic distribution of the zooids, resembling changes that were induced in B. schlosseri colonies by retinoic acid treatment (Rosner et al., 2013) .
BMP signals are transmitted via phosphorylation of Smad1/5/8. The p-Smad1/5/8 expression results of this study suggest that BMP functions in germ cell homeostasis and differentiation and in zooid apoptosis. Negative (or very low) p-Smad1/5/8 staining was observed in buds and embryos. The weak p-Smad1/5/8 staining in embryos contradicted the well documented BMP input to the heart and nervous systems specifications, described in other ascidians (Pasini et al., 2006; Christiaen et al., 2010) . Therefore, functions in the B. schlosseri BMP pathways should be further studied.
p-Mek is an activated intermediate molecule of the MAPK/ ERK pathway. p-Mek molecules phosphorylate Erk, which are then translocated to the nucleus, and to a lesser extent to the cell periphery. Thereafter, p-Mek molecules are rapidly exported out of the nucleus (Jaaro et al., 1997) . ELISA analysis showed fluctuation in p-Mek quantity as embryos differentiated, while the quantity of p-Mek continuously increased as the buds matured. Immunohistochemical analyses indicated that p-Mek is distributed in three different subcellular compartments, nuclear, cytoplasmic and sub-membrane, all detected in buds and embryos (Fig. 9) . The B. schlosseri embryonic p-Mek staining pattern resembled that of dp-Erk in C. intestinalis embryos, primarily in early and midtail bud stages (Pasini et al., 2012) . Nuclear p-Mek expressions were the highest in differentiating primary buds, primarily in the gut rudiment, the differentiating digestive system and the testes. The dispersed expression pattern of p-Mek in buds resembled that of p-H3, a proliferation marker, which suggests that in buds the MAPK pathway regulates proliferation, as reported in other organisms (Liu et al., 2004) . Colonies treated with the Mek inhibitors U0126 or with Trametinib contained poorly differentiated/malformed primary buds, which also indicates an additional function in buds tissue specification, as described in C. intestinalis embryos Nishida, 2003) . Conversely, the nature and function of the continuous apical sided p-Mek staining in fully differentiated buds (blastogenic phase "D") and in adult zooids (where most of the tissues have low proliferation rate; Kawamura et al., 2008) is not understood. A pro-apoptotic role during ascidian larval metamorphosis is also attributed to this pathway (Chambon et al., 2007) . Since U0126 or the Trametinib block of p-Mek1/2 kinase activity did not significantly affect the blastogenic cycle duration or the 'takeover' process, we cannot report a similar pro-apoptotic function of Erk during astogeny.
While we have documented that the same molecular machinery is used in astogeny and ontogeny, astogenic development is not an ontogenic replicate, and provides major changes, as illustrated in Fig. 9 . Early buds, in contrast to early embryos, do not form nuclear b-catenin-positive and negative domains in order to specify the three germ layers; nuclear Smad2 expressions are detected in all the soma cells of early buds, while expressions in early embryos are limited to only a few cells; also, the function of the nuclear Smad1/5/8 in test cells during embryogenesis is unclear, since it is not detected during bud differentiation. These major differences delineate a divergence between embryonic and bud cells, although both developmental processes are capable of forming an identical individual, the functional zooid.
Materials and Methods
Animals
The colonies of B. schlosseri used in this study were collected from shallow waters along the Israeli Mediterranean coast and from Monterey in CA, USA. In the laboratory, the animals were maintained on 5×7.5 cm glass slides, cultured in 17 l tanks in a standing seawater system at 20°C, as described by Rinkevich and Shapira (1998) .
Antibodies
Primary 
DAPI staining
DAPI (Cat. No. D9564, sigma, USA; absorption peak: 350 nm; emission peak: 460 nm) stock solution was diluted to 300 nM in PBS. 300 mL of this diluted DAPI solution was added to each slide. After a 5 min. incubation, the slides were washed several times in PBS and mounted in Fluoromount medium.
Immunoblots
Total proteins were extracted as described by Rosner et al., (2013) . Tissues were boiled for 3 min before being loaded on SDS-PAGE. The Western blotting analysis was adapted for Odyssey detection as recommended (http://biosupport.licor.com/docs/Western_Blot_Analysis_11488. pdf), with Anti-Rabbit IgGIRDye 800CW 611-131-002S (Rockland, PA, USA) as a secondary antibody.
ELISA
Wells of ELISA plate (F96 Maxisorp, immuno plate 442404, Nunc, Denmark) were coated with B. schlosseri extracts from different tissues (20mg/ml diluted in 0.1M carbonate buffer pH 9.8), incubated over night at 4ºC, fixed with 10% formaldehyde for 10 min at 4ºC, and then washed 4×5 min each, with PBS containing 0.05% Tween 20 (PBS-T). Wells were post coated with 4% bovine serum albumin in PBS-T, incubated over night at 4ºC and then washed. The primary antibodies were each added to the wells and incubated for 2 h at 37ºC, then washed. Goat anti rabbit IgG conjugated to alkaline phosphatase (No 111 055 144 Jackson Research Laboratories, USA) was added and incubated for 1 h at 37ºC, then washed. A substrate to alkaline phosphatase p-nitrophenyl phosphate (pNPP S0942) was added (1mg/ml) and incubated for 2 h at 37ºC, followed by an overnight incubation at 4ºC. The optical density (OD) was determined using the GLOMAX Multi+ Detection System (model E9032, Promega Corporation Instrument, USA) at 405 nm. Each ELISA result was expressed as a ratio between the mean absorbance by the specific antibody (P) and the mean absorbance in negative background (N) (Lapidot, 1995 (Lapidot, , 2003 .
Histology and immunohistochemistry
Animals were fixed in Bouin's solution (Humason, 1962 ) for 1-2 h, dehydrated in a series of graded ethanol (70-100%) and 100% butanol and embedded in paraffin wax (paraplast). Cross serial sections (5 mm) were obtained by hand-operated microtome (Leica, Nussloch, Germany) stained with hematoxylin and eosin for general morphology.
Immunohistochemistry was performed according to Rosner et al.,2009) . Retrieval was performed in a Tris-EDTA Buffer (pH 9.0). When goat antirabbit AP was used as a secondary antibody, the staining was performed in NBT/BCIP solution. The stained sections were mounted either onto Fluoromount for fluorescent antibody (Cat. No.F4680, Sigma) or onto Hydromount™ mounting medium (Cat. No. HS-106, Pational diagnostics, Atlanta, GA, USA).
Specific inhibitors/activator
Six inhibitors/activators, specific to one of the studied STPs (Wnt/bcatenin; TGF-b, MAPK/ERK) were employed on whole animal settings in 200 ml glass vessels. For the Wnt/b-catenin pathway we studied the effects of an agonist and of an antagonist: (1) the Wnt agonist, 2-Amino-4-(3,4-(methylenedioxy) benzylamino)-6-(3-methoxyphenyl) pyrimidine (Calbiochem; Cat. No. 681665; dissolved in DMSO, dimethyl sulfoxide), is a cell-permeable, potent activator of Wnt signaling that does not inhibit the activity of GSK-3b, which has been shown to mimic the effects of Wnt and induce b-catenin and T-cell fate-dependent transcriptional activity (Liu et al., 2005) ; (2) The Wnt antagonist XAV939 (IC 50 =4 nM; CAS 284028-89-3; Cayman Chemicals, MI, USA; soluble in DMSO) antagonizes Wnt signaling via stimulation of b-catenin degradation and stabilization of axin. For the TGF-b pathway, we used two inhibitors: (1) SB-431542 (cat. no S4317, Sigma-Aldrich; soluble in DMSO), a potent inhibitor of the TGF-b superfamily type I activin receptor-like kinase (ALK), a receptor that has no effect on BMP signaling and therefore does not inhibit Smad1/5/8 (Inman et al., 2002) ; (2) LY2157299 an inhibitor of the TGF-b receptor type I kinase (CAS No. 700874-72-2, Cayman Chemical MI, USA). For inhibiting the MAPK/ ERK pathway, we used the two Mek inhibitors: (1) U0126 (Cat. No. V112, promega, Wisconsin; soluble in DMSO), 1,4-Diamino-2,3-dicyano-1,4-bis-(o-aminophenylmercapto) butadiene ethanolate, an inhibitor of both Mek1 and Mek2 (Favata et al., 1998) ; (2) Trametinib (trade name Mekinist; CAS. No. 87100-17-3, Santa Cruz Biotechnology, USA soluble in DMSO). Trametinib is also an inhibitor of Mek1/Mek2 activity.
Three colonies were subjected overnight to 1000mM of H 2 O 2 (Cat. No. H1009, Sigma, USA), while three other colonies were subjected to 25nM of retinoic acid (Cat. No. R2625; Sigma, USA) for two days as described by Rosner et al., (2007 Rosner et al., ( , 2013 . Control colonies were subjected to the suitable solvent concentrations (DMSO) in similar 200 ml vessels. Experiments were run for 24, 48, or 72 h, after which the treated B. schlosseri colonies were returned to their regular 17 L seawater aquaria.
